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The present communication contains an account of some of the 
results of investigations undertaken for the Meteorological Council 
with the object of throwing light on the phenomena of atmospheric 
electricity. 

In a paper* containing an account of the results arrived at during 
the earlier stages of the investigation, I described the behaviour of 
positively and negatively charged ions as nuclei on which water vapour 
may condense. 

The question whether free ions are likely to occur under such con¬ 
ditions as would make these experimental results applicable to the 
explanation of atmospheric phenomena was left undecided in that 
paper. My first experiments! on condensation phenomena had, it is 
true, proved that in ordinary dust-free moist air, a very few nuclei are 

* ‘ Phil. Trans.,’ A., vol. 193, pp. 289-308. 
f ‘ Roy. Soc. Proe.,’ vol. 59, p. 338, 1896. 
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always present requiring, in order that water should condense upon 
them, exactly the same degree of supersaturation as the nuclei pro¬ 
duced in enormously greater numbers by Rontgen rays; and I con¬ 
cluded that they are identical with them in nature and that they are 
probably ions.* While, however, later experiments proved that the 
nuclei formed by Rontgen or uranium rays can be removed by an 
electric field and are therefore ions, similar experiments made with the 
nuclei which occur in the absence of ionising radiation led to negative 
results.! In the light of facts brought forward in the present paper I 
should now feel disposed to attribute the negative character of the 
results in the latter case to the small number of nuclei present. % 

Subsequently to the publication of the work on the behaviour of 
ions as condensation nuclei, Elster and Geitel showed that an electri¬ 
fied conductor exposed in the open air or in a room lost its charge by 
leakage through the air; and that the facts concerning this conduction 
of electricity through the air are most readily explained on the suppo¬ 
sition that positively and negatively charged ions are present in the 
atmosphere. The question where and how these ions are produced 
remained, however, undetermined; it would therefore be incorrect to 
assume their properties, and in particular their behaviour as condensa¬ 
tion nuclei, to be necessarily identical with those of freshly produced 
ions; the carriers of the charge might consist of much more consider¬ 
able aggregates of matter than those attached to the ions with which 
the condensation experiments had been concerned. Moreover, so long 
as the source and conditions of production of these ions remained 
undetermined, one could not assume their presence in the regions of 
the atmosphere where supersaturation might be expected to occur. 

Before going further afield in search of possible sources of ionisation 
of the atmospheric air, it seemed advisable to make further attempts to 
determine whether a certain degree of ionisation might not be a 
normal property of air, in spite of the somewhat ambiguous results 
given by the condensation experiments to which I have referred. 

After much time had been spent in attempts to devise some satis¬ 
factory method of obtaining a continuous production of drops from the 
supersaturated condition, I abandoned the condensation method, and 
resolved to try the purely electrical method of detecting ionisation. 
Attacked from this side the problem resolves itself into the question. 
Does an insulated-charged conductor suspended within a closed vessel 
containing dust-free air lose its charge otherwise than through its 
supports, when its potential is well below that required to cause 
luminous discharges'? 

'* c Cafrib. Phil. Soe. Proe.,’ vol. 9, p. 337. 

f "Phil. Trans.,’ A, vol. 193, pp. 289-308. 

X The similar results obtained with nuclei produced in air exposed to ultra¬ 
violet light require, however, some other explanation. 
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Several investigators from the time of Coulomb onwards have 
believed that there is a loss of electricity from a charged body 
suspended in air in a closed vessel in addition to what can be 
accounted for by leakage through the supports.* In recent years, how¬ 
ever, the generally accepted view seems to have been that such leakage 
through the air is to be attributed to the convection of the charge by 
dust particles. 

The experiments were begun in July, 1900, and immediately led to 
positive results. A summary of the principal conclusions then arrived 
at was given in a preliminary note “On the Leakage of Electricity 
through Dust-free Air,” read before the Cambridge Philosophical 
Society on November 26. Almost simultaneously a paper by Oeitel 
appeared in the 4 Physikalische Zeitschrift 5 f on the same subject, in 
which identical conclusions were arrived at in spite of great differences 
in the methods employed. 

The following are the results included in the preliminary note, which 
I read :— 

(1.) If a charged conductor be suspended in a vessel containing 
dust-free air, there is a continual leakage of electricity from 
the conductor through the air. 

(2.) The leakage takes place in the dark at the same rate as in 
diffuse daylight. 

(3.) The rate of leak is the same for positive as for negative 
charges. 

(4.) The quantity lost per second is the same when the initial 
potential is 120 volts as when it is 210 volts. 

(5.) The rate of leak is approximately proportional to the pressure. 

(6.) The loss of charge per second is such as would result from the 
production of about 20 ions of either sign in each c.c. per 
second, in air at atmospheric pressure. 

Of these conclusions, the first four were also arrived at by Oeitel. 

As Geitel has pointed out, Matteucci,:{ as early as 1850, had arrived 
at the conclusion that the rate of loss of electricity is independent of 
the potential. He had also noticed the decrease in the leakage as the 
pressure is lowered.§ 

The volume of air used in my experiments was small, less than 
500 c.c. in every case, many of the measurements being made with a 

# Perhaps the most convincing evidence of this is furnished by the experiments 
of Professor Boys, described in a paper on “ Q.uartz as an Insulator ” (‘ Phil. Mag.,’ 
vol. 28, p. 14, 1889). 

t ‘ Physikalische Zeitschrift/ 2 Jahrgang, Wo. 8, pp. 116—119 (published 
November 24). 

X ‘ Annales de Chim. et de Phys.,’ vol. 28, p. 385, 1850. 

§ This was also observed by Warburg ( { Annalen der Physik u. Cliemie,’ vol. 
145, p. 578, 1872). 
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vessel containing only 163 c.c. This made it much more easy to 
ensure the freedom of the air from dust particles. Geitel worked with 
volumes amounting to about 30 litres; his observations show the 
interesting phenomenon of a gradual increase of the conductivity of the 
air in the vessel towards a limiting value, which was only attained 
when the air had been standing in the vessel for several days. This, 
as Geitel points out, is to be explained by the gradual settling of the 
dust particles, the conductivity of the air being greatest when there 
are no dust particles present to entangle the ions. 

The principal difficulty in the way of obtaining a decisive answer to 
the question whether any leakage of electricity takes place through 
dust-free air is the fact that one is so liable to be misled by the leak¬ 
age due to the insulating support. As will be seen from the descrip¬ 
tion which follows, this source of uncertainty was entirely eliminated 
in the method which I adopted. It had, moreover, the advantage of 
reducing to the smallest possible value the capacity of the conducting 
system in which any loss of charge is measured by the fall of 
potential. 

The conducting system, from which any leakage is to be detected 
and measured, consists solely of a narrow metal strip (with a narrow 
gold leaf attached to indicate the potential), fixed by means of a small 
bead of sulphur to a conducting rod which is maintained at a constant 
potential, equal to the initial potential of the gold leaf and strip. 
With this arrangement, if any continuous fall of potential is indicated 
by the gold leaf, it can only be due to leakage through the air; any 
conduction by way of the sulphur bead can only be in such a direction 
as to cause the leakage through the air to be under-estimated. 

The form of apparatus used in all the later experiments is indicated 
in fig. 1. The gold leaf and thin brass strip to which it was attached 
were placed within a thin glass bulb of 163 c.c. capacity; the inner 
surface of the bulb being coated with a layer of silver so thin that the 
gold leaf could readily be seen through the silvered glass. The upper 
•end of the strip had a narrow prolongation, by means of which it was 
attached by a sulphur bead of about 2 mm. in diameter to the lower 
end of the brass supporting rod. The latter passed axially through 
the neck of the bulb, its lower end just reaching to the point where 
the neck joined the bulb. The interior of the neck of the bulb was 
thickly silvered to secure efficient electrical connection between the 
thin silver coating of the inside of the bulb and a platinum wire sealed 
through the side of the tube. The platinum wire was connected to 
the earthed terminal of a condenser consisting of zinc plates embedded 
in sulphur, the other terminal of the condenser being connected to the 
brass supporting rod and maintaining it at a nearly constant potential. 
An Exner electroscope connected to the same terminal of the con¬ 
denser was used to test the constancy of the potential, and any loss 
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could from time to time be made up by contact with a rubbed ebonite 
rod or a miniature electrophorus. 

Both the gold leaf of which the motion served to measure the 
leakage which was the subject of investigation, and that of the Exner 
electrometer, were read by means of microscopes provided with eye¬ 
piece micrometers. 

To give the leaking system an initial potential equal to that of the 
supporting rod, momentary electrical connection between them was 
made by means of a magnetic contact-maker. This consisted of a fine 
steel wire fixed to the supporting rod near its upper end and extend¬ 
ing just below the sulphur bead, where it was bent into a loop 


Fig. 1. 



surrounding the prolongation of the brass strip which carried the gold 
leaf. A magnet brought near the outside of the tube attracted the; 
wire till the loop came in contact with the brass and brought it into 
electrical communication with the supporting rod. This operation 
was repeated every time the potential of the leaking system had fallen 
so far that the gold leaf approached the lower end of the scale. The 
potential of the supporting rod was not allowed to vary by more than 
a very few volts, and before each reading of the potential of the leak¬ 
ing system was always brought to within a fraction of a volt of its 
initial value ; the Exner electroscope served to indicate when this was 
the case. The initial difference of potential used in most of the 
experiments amounted to about 200 volts. 

To determine the fall in potential corresponding to a movement of 
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the gold leaf through one scale division, a series of Clark cells was 
inserted between the condenser and its earth connection, and the 
number of scale divisions through which the gold leaf moved on 
reversing the Clark cells was determined; contact between the leaking 
system and its supporting rod being of course made before and after 
the reversal. The scale values of the Exner electrometer were deter¬ 
mined similarly. 

In the apparatus now described, a movement of the gold leaf of the 
leaking system through one scale division corresponded to a fall of 
potential ranging from 0*56 volt at the top of the micrometer scale 
to 0*60 volt at the bottom of the scale. 

Any imperfection in the insulating power of the sulphur bead will, 
as we have seen, tend to give too low a value for the leakage. The 
error thus introduced was, however, found to be negligible; for the 
rate of fall of potential of the leaking system was sensibly the same 
when its potential was equal to that of the supporting rod as towards 
the close of an experiment when this difference was greatest. 

The apparatus used in the earlier experiments differed in some 
respects from that which has just been described. The vessel was of 
brass in the form of a short cylinder, 6 cm. long and 5 cm. in radius, 
the flat ends being vertical, each being provided with a rectangular 
window closed by a glass plate, so that the position of the gold leaf 
might be read. A purely mechanical contact-maker was used instead 
of the magnetic one. With the voltage usually employed, a move¬ 
ment of the gold leaf over one scale division corresponded to a change 
of potential of 0*36 volt. 

With this apparatus, filled with air at atmospheric pressure (whether 
this had been filtered or had merely been allowed to stand for some 
hours in the apparatus), a continuous fall of potential of about 4*0 
volts per hour occurred, showing no tendency to diminish even after 
many weeks. Contact had to be made with the supporting rod (kept 
as described at constant potential by means of the condenser) about 
once in twelve hours to prevent the image of the gold leaf from going 
off the scale of the microscope. 

Although care had been taken to avoid bringing the apparatus, during 
or after its construction, into an j room where radio-active substances 
had been used, it was considered desirable to repeat the experiments 
elsewhere than in the Cavendish Laboratory (where contamination by 
such substances might be feared), and with pure country air in the 
apparatus. Experiments were therefore carried out at Peebles during 
the month of September, but with the same results as before obtained. 

The rate of leakage was the same during the night as during the 
day, and was not diminished by completely darkening the room in 
which the experiments were carried out. It is plainly, therefore, not 
due to the action of light. 
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It might be considered as possible that the conducting power of 
the air was due to some effect of the walls of the apparatus, related 
perhaps to the Russell* photographic effect and the nucleus-producing! 
effects of metals. These effects, however, are in the case of brass 
certainly very slight (I have not been able to detect any cloud-nuclei 
arising from the presence of brass) ; they are enormously greater in 
the case of amalgamated zinc. Yet the presence of a piece of amal¬ 
gamated zinc in the apparatus was without effect on the rate of 
leak. If then the walls of the vessel influence in any way the 
ionisation of the air in the vessel, this influence is not proportional 
to the photographic or nucleus-producing effects of the metals. 

To find the loss of electricity corresponding to the observed fall of 
potential of the leaking system, the condenser was removed, and the 
capacity of the Exner electroscope, with the connecting wires and the 
rod supporting the leaking system, was first determined by finding the 
fall of potential resulting from contact with a brass sphere of which 
the radius was 2*13 cm. The sphere, suspended by a silk thread, was 
in contact with a thin earth-connected wire, except when momentarily 
drawn aside by a second silk thread and brought into contact with 
the end of another thin wire leading to the electroscope. Except for 
these two wires the sphere was at a distance great compared with its 
radius from all other conductors. The rise of potential which occurred 
in the leaking system after a momentary contact with the system con¬ 
sisting of the supporting rod, electroscope, and connecting wires was 
then compared with the simultaneous fall of potential of the latter 
system. The loss of electricity corresponding to a given fall of 

potential of the leaking system was thus obtained. It was found to 
be sensibly the same for potentials in the neighbourhood of 100 volts as 
for the higher voltages (about 200 volts) generally used, the variations 
in capacity due to the change of position of the gold leaf being too 
small to be detected. The system had a practically constant capacity 
equal bo IT cm. 

It was possible now to compare the rates of leakage for different 
strengths of the electric field. 

Brass apparatus used , air at atmospheric pressure . 

Initial difference of Fall of potential 

potential. per hour. 

210 volts. 4*1 volts. 

120 „ 4*0 „ 

The leakage of electricity through the air is thus the same for a poten¬ 
tial difference between the leaking system and the walls of the vessel 
of 210 volts as for one of 120 volts. On the view that the conduction 

# Bussell, f Boy. Soc. Proc.,’ vol. 61, p. 424, 1897; vol. 63, p. 102, 1898. 
f Wilson, ‘ Phil. Trans.,’ A, vol. 192, p. 431. 

N 2 
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is due to the continual production of ions throughout the air, this is 
easily explained as indicating that the saturation current has been 
attained ; the field being sufficiently strong to cause practically all the 
ions which are produced to reach the electrodes; the number destroyed 
by recombination being negligible in comparison with those removed 
by contact with the electrodes. Thus under the conditions of the 
experiments the loss of electricity from the leaking system in a given 
time is, if the charge be positive, equal to the total charge carried by 
all the negative ions produced in the vessel in that time. 

The sum of the charges of all the negative ions (or of all the positive 
ions) set free in the vessel is thus IT x 4T/300 E.U. per hour, or 
4*3 x 10~ 6 E.U. per second. If we divide by 471, the volume of the 
vessel in c.c., we obtain for the charge on all the ions of each sign set 
free in each c.c. per second, 9T x 10" 9 E.U. Finally, taking 
6*5 x 10~ 10 E.U., the value found by J. J. Thomson, as the charge on 
one ion, we find that about 14 ions of each sign are produced in each 
c.c. per second. 

There are, however, two defects in the older form of apparatus,, 
with which the above results were obtained, tending to make this 
number too small; firstly, the field in the corners where the flat ends 
meet the cylindrical wall must be very much weaker than elsewhere, 
and some of the ions set free in these regions may have time to recom¬ 
bine, although the strength of the field throughout most of the vessel is 
more than sufficient for “ saturation” ; secondly, since in this apparatus 
both the rod supporting the leaking system and the contact-maker 
projected for about a centimetre into the interior of the vessel, a 
certain proportion of the ions set free would be caught by them and 
not by the leaking system. 

These defects are avoided in the other apparatus which has been 
described (fig. 1). 

In this apparatus the capacity of the leaking system was 0*73 cm,. 
The constant potential of the supporting rod, and thus the initial 
potential of the leaking system, was in all cases about 220 volts. 

At atmospheric pressure the fall of potential per hour was found to 
be 2*9 volts. The loss of charge was therefore 0*73 x 2-9/300 = 7*1 
x 10~ 3 E.U. per hour = 2*0 x 10~ 6 E.U. per second. This is the total 
charge carried by all the positive ions, or by all the negative ions, set 
free per second. The volume of the bulb being 163 c.c., the charge on 
the positive or negative ions set free per second in each c.c. = 2*0 
x 10~ 6 /l63 = 1*2 x 10" 8 E.U., and the number of ions of either sign 
set free per second in each c.c. = 1*2 x 10~ s /6*5 x 10“ 10 = 19. This 
is somewhat greater than the number obtained before, but, as was 
pointed out above, there were sources of error in the older apparatus 
tending to give too low a result for the rate of production of ions 
per c.c. 
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Experiments were now made on the variation of the rate of leak 
with pressure. The measurements were made at a temperature of 
about 15° C. Each experiment gave the leakage in a period varying 
from six and a half to twenty-four hours. The silvered glass apparatus 
was used. 

The following results were obtained :— 


Pressure in 
millimetres. 

43 

Leakage in 
volts per hour. 

0*22 

Leakage 

pressure. 

0*0052 

89 

0*53 

0*0058 

220 

1*14 

0*0052 

341 

1*59 

0*0047 

533 

2*30 

0*0043 

619 

2.40 

0*0039 

635 

2*65 

0*0042 

731 

2*78 

0*0038 

743 

2*99 

0*0040 


These numbers show that the leakage is approximately proportional 
to the pressure. While the pressure is varied from 43 mm. to 743 mm., 
the ratio of leakage to pressure only varies between 0*0038 and 0*0058. 
Since the individual measurements of the leakage at a given pressure 
differed among themselves by as much as 10 per cent., it would hardly 
be safe until more accurate experiments have been performed to 
base any conclusions on the apparent departure from exact propor¬ 
tionality between leakage and pressure. From these results one would 
infer that it should be impossible to detect any leakage through air 
at really low pressures. This is in agreement with the observations 
of Crookes,* who found that a pair of gold leaves could maintain their 
charge for months in a high vacuum. 

Experiments were now carried out to test whether the continuous 
production of ions in dust-free air could be explained as being due to 
radiation from sources outside our atmosphere, possibly radiation like 
Rontgen rays or like cathode rays, but of enormously greater penetra¬ 
ting power. The experiments consisted in first observing the rate 
of leakage through the air in a closed vessel as before, the apparatus 
being then taken into an underground tunnel and the observations 
repeated there. If the ionisation were due to such a cause, we should 
expect to observe a smaller leakage underground on account of absorp¬ 
tion of the rays by the rocks above the tunnel. # 

For these experiments a portable apparatus had to be made (shown 
in fig. 2). It differed from that already described (fig. 1) in the 
following respects :—The vessel, of thinly silvered glass as before, was 
inverted and attached directly to the sulphur condenser, its neck 
# ‘ Roy. Soc. Proc.,’ vol. 28, p. 347, 1879. 
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being embedded in the sulphur. The electroscope formerly used to 
test the constancy of the potential of the supporting rod was dis¬ 
pensed with; all need for external wires was thus removed. Only 
the end of the wire by which the charge was put into the condenser 
protruded from the sulphur, and this was covered as shown in the 
figure, except at the moment of charging, by a small bottle containing 
calcium chloride; this fitted tightly on a conical projection of the 

Fig. 2. 



sulphur, through the centre of which the wire passed. The suffi¬ 
cient constancy of potential of the supporting rod under these con¬ 
ditions was shown by the fact that when it had been put, by means 
of the magnet, in momentary electrical connection with the leaking 
system, a second contact, made twenty-four hours later, caused the 
gold leaf, which indicated the potential, to return to within two micro¬ 
meter scale divisions of its position immediately after the first con¬ 
tact. The change in the potential of the leaking system produced 
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by such a change in the potential of the support was much too 
small to be detected. 

The experiments with this apparatus were carried out at Peebles. 
The mean rate of leak when the apparatus was in an ordinary 
room amounted to 6*6 divisions of the micrometer scale per hour. 
An experiment made in the Caledonian Railway tunnel near Peebles 
(at night after the traffic had ceased) gave a leakage of 7'Q divisions 
per hour, the fall of potential amounting to 14 scale divisions in the 
two hours for which the experiment lasted. The difference is well 
within the range of experimental errors. There is thus no evidence 
of any falling off of the rate of production of ions in the vessel* 
although there were many feet of solid rock overhead. 

It is unlikely, therefore, that the ionisation is due to radiation which 
has traversed our atmosphere; it seems to be, as Geitel concludes, a 
property of the air itself. 

The experiments described in this paper were carried out with 
ordinary atmospheric air, which had in most cases been filtered through 
a tightly fitting plug of wool. The air was not dried, and no experi¬ 
ments have yet been made to determine whether the ionisation depends 
on the amount of moisture in the air. 

It can hardly be doubted that the very few nuclei which can always 
be detected in moist air by the expansion method, provided the expan¬ 
sion be great enough to catch ions, are themselves ions merely made 
visible by the expansion, not, as some former experiments seemed to 
suggest, produced by it. The negative results then obtained, in 
attempts to remove the nuclei by a strong electric field, majr perhaps 
be explained if we consider that all ions set free in the interval during 
which the supersaturation exceeds the value necessary to make water 
condense upon them, are necessarily caught, so that complete absence 
of drops is not to be expected even with the strongest fields. 

The principal results arrived at in this investigation are (1) that 
ions are continually being produced in atmospheric air (as is proved 
also by Geitel’s experiments), and (2) that the number of each kind 
(positively and negatively charged) produced per second in each cubic 
centimetre amounts to about twenty. 


“ On the Preparation of Large Quantities of Tellurium.’ 5 By 
Edward Matthey, A.R.S.M. Communicated by Sir George 
Stokes, Bart,, F.E.S. Received February 19,—Read March 
14, 1901. 

For several years I have worked upon bismuth ores of varying 
richness for the extraction of the bismuth they contain, and 1 have 
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